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Abstract 
Embedded siloxane polymer waveguides have shown promising results for use in 
optical backplanes.  They exhibit high temperature stability, low optical absorption, 
and require common processing techniques.  A challenging aspect of this technology 
is out-of-plane coupling of the waveguides.  A multi-software approach to modeling 
an optical vertical interconnect (via) is proposed.  This approach utilizes the beam 
propagation method to generate varied modal field distribution structures which are 
then propagated through a via model using the angular spectrum propagation 
technique.  Simulation results show average losses between 2.5 and 4.5 dB for 
different initial input conditions.  Certain configurations show losses of less than 3 dB 
????????????????????? ???????????????????????????????????????????????????????????????
lower than the targeted 3 dB. 

1 
Chapter 1  
 
Introduction 
Embedded polymer multimode optical waveguides show promising results for use in 
optical backplane.  Siloxane polymers are a common choice for fabricating embedded 
polymer waveguides[1]-[3].  These materials are ultraviolet (UV) cured, which 
makes them easy to fabricate using photolithography or other UV curing techniques.  
They have low optical absorption and also demonstrate high thermal stability, which 
allows them to go through the high temperature manufacturing steps required for 
electrical circuit boards and to operate in high temperature environments. 
The most challenging aspect of this technology before wide implementation is high 
performance of out-of-plane coupling of the waveguides.  The coupling efficiency will 
be dependent upon the components used, for example, vertical cavity surface 
emitting laser (VCSEL) transceivers and MT-style fiber connectors. 
A fabrication method has been proposed for creating an optical vertical interconnect 
assembly (via), which would allow surface components to gain access to the 
waveguides embedded in the optical printed wiring board (OPWB) using a system of 
45 degree micro-mirrors and ball lenses.  The efforts of this research are focused on 
simulation and modeling of the proposed via in order to characterize the losses and 
guide in the overall design for maximum coupling efficiency. 
The beam propagation method implemented in RSoft is used to create a variety of 
modal structures which are used as inputs to a ZEMAX simulation to calculate the 
field after propagation through the via structure.  MATLAB code is then used to 
calculate the total power in a desired area, which can then be used to evaluate the 
losses incurred through the via structure.  This provides a collection of values 
corresponding to losses depending on the modal structure of the field inside the 
waveguide before the via. 
By averaging the losses for the different mode structures, the expected transmitted 
power can be determined for a random input.  This indicates the overall performance 
of the via and can be used in determining a final link budget for an entire system.  
?????????????????????????????????????????????????????????????????????????????????????
pair is possible with the current via design.  Performance with a single mode source 
input indicate the potential for very low losses and output from a multimode 
waveguide show less than 5 dB losses.  This pair can then have losses of at or below 
3 dB. 
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Chapter 2  
 
Background 
2.1 Optical Communication Systems 
Optical communications offer a range of benefits including larger bandwidth, energy 
concentration and subsequent increase of signal to noise ratio [4], and immunity to 
electromagnetic interference.  The higher bandwidth is a result of the increased 
carrier frequency.  Radio frequencies cover the spectrum into the gigahertz range 
while optical frequencies are in the terahertz range.  Radio Frequency (RF) domain 
communication systems can operate at carrier frequencies up to hundreds of 
gigahertz.  Wired communication systems that employ various transmission lines are 
limited at these higher frequencies by the skin effect on resistance, which causes a 
rise in resistance with a rise in frequency.  When the frequency reaches 10 GHz, the 
transmission losses become significant in terms of signal to noise ratio [5].  In the 
age of low power devices and communication link budgets, it is not applicable to 
simply increase transmitter power to receive the signal through the resistive losses.  
In order to achieve higher bandwidth data transmission rates, an alternative method 
to avoid the losses should be used and implementation of optical communications 
should be exploited. 
RF communication systems suffer from the fact that their wired transmission lines 
also act as antennas.  This provides the opportunity for interference from other RF 
sources.  This is not present in guided optical wave communication systems because 
the wave is contained within the channel and is unaffected by other electromagnetic 
radiation sources, both in the RF domain and the optical domain.  Crossing of 
waveguides can be done on the same plane with negligible crosstalk between the 
channels.  This provides additional communication security as well as new board 
design possibilities. 
Optical waveguides allow a large amount of energy (signal) to be confined within a 
small area.  Single mode fibers are on the order of microns and multimode fibers are 
only tens of microns in size.  Optical fibers have long been the preferred method for 
long distance communication due to their ability to transmit light at a loss of only 
around 3.5% per kilometer [6].  This energy concentration allows both higher signal 
to noise ratios and smaller component size. 
Multimode fibers have also been put into use in short distance communications.  
They are larger than single mode fibers and easier to make, however they do not 
perform when used as long distance channels due to pulse broadening.  Pulse 
4 
broadening is due to the different group velocities of the modes present in the 
waveguide.  This is described in more detail in section 2.2.2.2.  However, when only 
short distances are required, multimode fibers are a cheaper option while retaining 
the significant benefits of a fiber system.  As the demand for data and bandwidth 
rises, electrical communications systems need to be replaced with higher bandwidth 
systems.  Over the relatively short distances required in computer backplanes, 
multimode waveguides offer an increased bandwidth and lack of electromagnetic 
interference – both important steps in improving a communications system. 
2.2 Waveguide Theory 
Four theories of optics have evolved to explain the complex phenomena therein.  
These are geometric, wave, electromagnetic, and quantum optics, in order from 
simplest to most complex.  Each higher level theory explains all phenomena 
explained by the lower level theories and provides explanations for things that can’t 
be explained with the lower level theories.  This thesis will present waveguide theory 
using ray (geometric) and wave optics.  Each step should provide the reader with a 
more complete understanding of the topic and facilitate understanding of the 
motivation and methods behind this work. 
Electromagnetic theory is not described in detail here, because it is not required to 
understand the basic principles behind waveguides and mode structures.  It is used 
briefly in section 2.2.1.1 as a secondary explanation of total internal reflection and 
also in the mathematical methods in Chapter 3. 
2.2.1 Geometric Optics 
Geometric optics is an approximation that is valid when the wavelength in use is very 
small.  It can be validated by using a wave optics approach and allowing the 
wavelength to become infinitesimally small [6].  For this reason, it is a good tool to 
gain a basic understanding of some of the concepts presented in this thesis. 
2.2.1.1 Total Internal Reflection 
One of the fundamental laws of geometric optics is the Law of Refraction.  It states 
that light incident on a dielectric interface of two media of different refractive indices 
will bend at that interface.  This law is governed by Snell’s Law (Eq. 2.1), which is a 
mathematical description of the refraction geometry at an interface, illustrated in 
Error! Reference source not found.. 
 ?? sin?? = ?? sin?? 
Eq. 2.1 
Snell's 
Law 
5 
 
Figure 2.1: Snell's Law 
When ??>??  and ??  is in a specific range, it is possible to achieve total reflection 
(instead of refraction) at such an interface.  This range is defined by the lowest angle 
at which all light is reflected, known as the critical angle.  The critical angle is 
mathematically defined as the smallest angle ?? where ?? begins to be undefined in 
Snell’s law. 
 sin ?? > 1 =
?? sin ??
??  
Eq. 2.2
Critical Condition 
 
 
?? = sin??
??
?? 
Eq. 2.3 
Critical 
Angle 
Total internal reflection can also be described in the electromagnetic approach using 
the Fresnel equations in Eq. 2.4 and Eq. 2.5.   
 
 
?? =
?? cos(??)? ??cos (??)
?? cos(??) + ??cos (??) 
Eq. 2.4 
Perpendicular Fresnel 
Equation 
 
?? =
?? cos(??) ? ??cos (??)
?? cos(??) + ??cos (??) 
Eq. 2.5 
Parallel Fresnel Equation 
At incident angles higher than the critical angle, the phenomenon known as total 
internal reflection occurs.  At this point, 100% of the light is reflected back inside the 
material.  The Fresnel equations along with Snell’s Law are graphed in Figure 2.2 for 
a water (?=1.33) and air (?=1) interface.  The critical angle ?? is also shown. 
                       ??     ?? 
    
                              ??
        ?? 
6 
 
Figure 2.2: Critical angle by Snell's Law and Fresnel Coefficients 
2.2.1.2 Total Internal Reflection Waveguides 
It is possible to take advantage of the total internal reflection phenomenon by 
creating a structure in which propagating light will be trapped within a material.  This 
can be simply demonstrated by the material profile depicted in Figure 2.3.  It can be 
seen that some rays will escape the dielectric slab, but some will reflect at the 
dielectric interface at both the top and the bottom of the slab.  These rays will stay in 
the material for its entire length or until the slab thickness changes or a different 
interface is encountered. 
 
Figure 2.3: Total internal reflection in a dielectric slab 
?? 
?? 
?? > ?? 
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As was seen in Figure 2.2, light incident on a total internal reflection capable 
interface which is incident at an angle lower than the critical angle will still have a 
partial reflection.  While these rays do stay in the guide for some bounces, the 
successive bounces and partial reflections will attenuate the ray and it is not said to 
be guided. 
This simple two-dimensional concept easily translates into three dimensions.  As long 
as the propagating rays strike the interfaces at or above the critical angle, total 
internal reflection can occur and the light will propagate through the material.  This 
can be true only when the inner material, known as the core, has a higher refractive 
index than the outer material, known as the cladding.  An example of a three 
dimensional structure of this type is the rectangular waveguide cross section pictured 
in Figure 2.4.  This type of structure confines light in both axes of the plane 
perpendicular to the direction of propagation. 
 
Figure 2.4: Rectangular waveguide profile 
2.2.2 Wave Optics 
The theory of wave optics describes light as a propagating wave with some finite 
wavelength; however it does not take into account polarization vectors that are used 
in the electromagnetic approach to optics.  Instead of seeing light propagating as a 
ray, a wave propagates along the path of a ray as depicted in Figure 2.5.  The wave 
is defined by its distance between two repeated points, such as from peak to peak or 
trough to trough.  Planes perpendicular to the direction of propagation at these 
repeating points can be thought of as wavefronts.  These wavefronts simply 
represent a repeating location of equal phase along the wave, also pictured in Figure 
2.5 as a dotted line. 
8 
 
Figure 2.5: Wavefronts of an oscillating wave 
It is then possible to modify the ray diagram of a total internal reflection waveguide 
in Figure 2.3 to show the wavefronts.  This can be seen in Figure 2.6. 
 
Figure 2.6: Wavefronts propagating in a waveguide 
2.2.2.1 Self-consistency Condition and Modes 
In order to transfer information from one end of a waveguide to the opposite end, 
the wave needs to constructively interfere with itself, which requires they meet a self 
consistency condition and repeat themselves [7].  If the wave repeats itself after 
every second bounce, it will do so for the length of the guide.  Depending on the 
geometry of the waveguide, wavefronts propagating at different angles will be 
unable to reproduce themselves as in Figure 2.7 or be able to reproduce the 
wavefronts as seen in Figure 2.8. 
 
Figure 2.7: Non-repeating wavefronts 
 
Figure 2.8: Repeating wavefronts 
To determine what propagation angles cause the wave to reproduce itself, the 
geometry in Figure 2.9 must be considered.  It should be noted that this ? is not 
defined in the same way as was used for Snell’s Law.  In this case, it is in reference 
? 
9 
to the wave and the surface, while in Snell’s Law it is defined as the angle between 
the wave and the surface normal. 
 
Figure 2.9: Self-consistency geometry 
?? - Point of reflection 1 
?? - Point of wavefront 
overlap 
?? - Point of reflection 2 
? - Angle of incidence 
? - Guide size 
? - Wavelength 
The following trigonometric relations can be gathered from this diagram. 
 sin? = ???????????  ?  ????
?????? = ?sin ? 
Eq. 2.6 
P0P2 Definition 
   
cos 2? = ????
??????
??????????  ?  ????
?????? = ?????????? cos 2? Eq. 2.7 P0P1 Definition 
Using the double angle cosine formula, the following expression for ??????????  can be 
found. 
 cos 2? = 1? 2 sin? ? Eq. 2.8Double Angle Cosine
 
?????????? = ???????????2 ?????????? sin? ? Eq. 2.9 P0P1 Definition by Sine
During the propagation from ??to ??, the wave must develop a phase difference (??) 
with the propagation which would occur from ?? to ?? of 2?? , where ? = 0,1,2, … .  
Additionally, each reflection will induce a ? phase shift, resulting in a total phase shift 
of 2? due to the two reflections. 
 ?? = 2?? ?????????? ?
2?
? ?????????? ? 2? = 2?? 
Eq. 2.10 
Phase Difference 
  
?????????? ? ?????????? = (? + 1)? 
Eq. 2.11 
Optical Path 
Difference 
 
??  
?? 
                   ?                       ?  
? 
?                           ? 
 ?? 
10 
By combining Eq. 2.6, Eq. 2.9, and Eq. 2.11, the following relation and simplification 
can be made. 
 
?
sin? ? ?
?
sin ??2 
?
sin ? sin
? ?? = (? + 1)? Eq. 2.12 Allowed Angles 
   
 2? sin? = (? + 1)? = ?? Eq. 2.13 Eq. 2.12 Reduced 
 ? = 1, 2, 3, …  
This equation indicates that there are discrete angles ? corresponding to each integer 
value of ? that are allowed to propagate as long as ?? < ?? ? ??.  These are known as 
modes and can be described by Eq. 2.14. 
 sin?? =
??
2?  
Eq. 2.14 
Allowed Modes 
2.2.2.2 Group Velocity 
All light in the medium travels at the same velocity, ? = ??, but since each mode is at 
a different angle, it will have different absolute propagation length to travel the same 
distance down the waveguide as other modes.  The velocity at which the mode 
propagates with respect to the waveguide is known as the group velocity.  The group 
velocity is a function of the velocity of light in the medium and the mode angle, given 
in Eq. 2.15. 
 ?? = ? cos (??) Eq. 2.15 Group Velocity 
Since each mode is travelling at a different velocity with respect to the waveguide 
itself, a pulse of light composed of different modes will spread out over the 
propagation distance.  If two pulses are sent too close together, they will begin to 
overlap and no longer be distinguishable.  This is the reason multimode waveguides 
are not used for long distance communications. 
2.2.2.3 Distribution of Fields 
The amplitude of a propagating plane wave as described in section 2.2.2.1 may be 
mathematically described by the following equations [8].  The coordinates are 
defined that the x-y plane corresponds to a cross-section of the waveguide with 
origin at the center of the structure and the length of the waveguide is along the z-
axis. 
 ? = ?? exp ?????? ? ? ? ???? Eq. 2.16 Propagating Plane Wave 
   
 ? = ?? exp(???) exp????? ? ?? Eq. 2.17 
11 
Propagating Plane Wave
 
? = ?? exp(???) exp ?????? + ??? + ????? Eq. 2.18 Eq. 2.17 Expanded 
We are interested in looking at the field distribution inside a waveguide at a given 
time and position  (?, ?).  For simplicity, we will take ?? = 1, ? = 0, and ? = 0.  This 
simplification is shown in Eq. 2.19. 
 ? = exp ?????? + ????? 
Eq. 2.19 
Eq. 2.18 
Simplified
We will first look at the two-dimensional case where ?? = 0.  We can then define ??
and ?? in terms of ? using Figure 2.10, Eq. 2.20 and Eq. 2.21. 
 
Figure 2.10: Propagation vector relationship to ? 
?? = ? sin? =
2?
? sin ? 
Eq. 2.20 
kx(?? 
Relationship
  
 ?? = ? cos? =
2?
? cos ? 
Eq. 2.21
kz(?? 
Relationship
It is important to keep in mind that there are two waves propagating at once for any 
given ? with ±?? and valid ? values are the previously defined ??  values.  For this 
reasoning, the following simplifications can be made to the field distribution ?  in 
combination with Eq. 2.14. 
 ? = exp(????) + exp (?????) Eq. 2.22 Two Plane Waves 
  
? = 12 exp ???
2?
?
??
2?? +
1
2 exp ????
2?
?
??
2?? 
Eq. 2.23 
Eq. 2.14 and Eq. 
2.20 into Eq. 2.22 
  
? = 12 exp ???
??
? ?+
1
2 exp ????
??
? ? 
Eq. 2.24 
Eq. 2.23 Simplified 
  
     ?                              ?? 
 
  ?                       ??
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? = 12  cos ??
??
? ? + ?  
1
2  sin ??
??
? ? 
        + 12 cos ???
??
? ? + ?  
1
2  sin ???
??
? ? 
Eq. 2.25 
Eq. 2.24 Expanded 
   
 ? = cos ????? ? ,? = 1, 3, 5, … 
Eq. 2.26 
1D Odd 
Distributions 
   
 ? = sin ?? ??? ? ,? = 2,4, 6, … 
Eq. 2.27 
1D Even 
Distributions 
Eq. 2.26 and Eq. 2.27 are graphed in Figure 2.11 for ?=20 μm and ?=850 nm. 
 
Figure 2.11: One dimensional mode distributions 
Two dimensional distributions for a square waveguide can be found by leaving ?? in 
Eq. 2.22 and following the same process.  Essentially what happens is the one 
dimensional mode defined in Eq. 2.26 or Eq. 2.27 for  ?  is multiplied by the one 
dimensional mode for ?.  It is possible to have the mode numbers for ? and ? (?? 
and ??) be different.  A selection of these two dimensional equivalent distributions is 
shown in Figure 2.12. 
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Figure 2.12: Normalized two dimensional mode field distributions 
2.3 Project Parameters 
In order for these simulations to be accurate, modeling parameters were chosen to 
be consistent with the work being done in fabrication.  These parameters include 
choice of material, waveguide size, and optical testing conditions.  These conditions 
were pre-determined and not evaluated in this research.  The merits of each 
determination will be briefly touched on in these sections, but not discussed in full 
detail. 
2.3.1 Siloxane Polymers 
Siloxane polymers (also known as polysiloxanes or silicones) are formed when silicon 
and oxygen atoms chain together with hydrogen atoms or hydrocarbon groups 
(alkanes) bonded to the silicon atoms.  This change in structure is responsible for the 
thermal stability of these types of materials are known for, withstanding degradation 
to above 350°C in some cases.  By selecting certain types of hydrocarbon groups 
attached to the silicon, the thermal properties can be further improved as these 
groups may increase the strength of the Si-O bonds [9]. 
The materials in use for fabrication on this project are siloxane polymers OE-4140 
(core) and OE-4141 (clad), produced by Dow Corning.  The solutions used in 
fabrication are composed of the siloxane monomer and toluene solvent.  The 
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monomers are polymerized by UV exposure and the toluene is removed through pre- 
and post-bake procedures. 
These materials were chosen for their low optical loss (0.03-??????????????????????
high temperature tolerance, and preferred processing methods.  When cured, the 
core material has a refractive index of 1.53 and the cladding material has a 
refractive index of 1.51 [10]. 
2.3.2 Waveguide Definition 
A layer of cladding is initially spun on the substrate and cured.  This is done to 
provide a bottom cladding layer as well as to create a planarized surface for the 
waveguides.  On top of this cladding layer, a thin layer of core material is spun on.  
This material is then selectively cured using ultraviolet definition techniques.  
Photolithography and a laser direct write system have both been employed to define 
these waveguides.  Each waveguide is defined to be 50 μm by 50 μm.  Different 
structures have been fabricated, including straights, 90 degree turns, spirals, and 
various others.  It has been the goal to fabricate these structures and characterize 
the losses associated with each of them.  After the core has been defined and cured, 
a top cladding layer is spun on and cured.  The entire system is then baked again to 
remove the remaining solvent [11]. 
Using a direct dispense method, less material can be used in manufacturing a board.  
Material is only placed on the substrate using a small syringe where it will be used to 
define a waveguide.  This method allows for different waveguide profiles such as 
semi-circular guides.  These structures are not evaluated in this work; however, if 
this method moves forward, the same simulation work on these different geometries 
should be performed, as they would support different modal structures. 
2.3.3 Optical Testing Parameters 
After fabrication, waveguides are tested for optical losses that result from material 
and structural properties.  For example, losses are seen in a 90 degree turn in the 
waveguide because of the change in shape of the guiding structure and some modes 
are no longer confined.  Experimental data has been gathered on different radius 
turns and other varied structures that will be useful for implementation of on-board 
optical waveguides in the future. 
In the experimental test setup, a single mode fiber (5.6 μm), transmitting light at 
the near infrared wavelength of 850 nm, is used as an input to the multimode on-
board waveguide.  This single mode fiber is fixed to a micro-positioning stage and 
manually adjusted to maximize power throughput in the system.  A second micro-
positioning stage with a multimode fiber connected to a power meter is placed at the 
opposite end of the on-board waveguide to collect the light passing through the 
board.  This setup can be seen in Figure 2.13.  Some of the simulations discussed 
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later use such a single mode input as the simulation input, in order to replicate the 
experimental measurements. 
 
Figure 2.13: Optical test setup 
2.4 Vertical Interconnect Assembly 
In multilayer electronic circuit boards, individual layers are connected by holes in the 
board that are filled or electroplated with a conductor.  These structures are known 
as vertical interconnect assemblies, or vias.  This out of plane transmission is 
required for optical printed wiring boards as well in order to connect the board to 
board level devices and other boards.  The target losses for the project’s link budget 
are less than 3 dB per via. 
The goal of this research is to characterize losses incurred in propagation through an 
optical via.  The via was designed and fabricated by other project members.  It 
consists of a PMMA block with a 45 degree cut made on the rear surface.  Two 
perpendicular holes are drilled into the piece through the 45 degree cut.  A 
temporary backing is placed on the backside of the piece while the two holes are 
filled with polysiloxane core material and then lens are attached to the ends of the 
channels.  After the core material is cured and the temporary backing is removed, 
the 45 degree surface is coated with gold to act as a reflective surface. 
In each block, twelve vias are drilled at 250 μm spacing, but only six are currently 
used due to the lens size.  Two alignment pin holes are added to the block so that it 
can be mated with a standard MT style connector.  A schematic of the device is 
shown in Figure 2.14. 
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Figure 2.14: Optical via schematic 
2.5 Software Packages and Mathematical Methods 
This research deals with simulation and modeling of polymer optical waveguides and 
a unique optical component: the optical via.  The different pieces of software and 
their relevant features are briefly described in the following sections. 
2.5.1 RSoft 
RSoft is an application suite that provides a variety of different tools for different 
types of optical modeling and simulation.  Components are defined in a CAD program 
and different simulation modules can be applied to the structure.  The two modules 
that will be discussed in this thesis are BeamPROP and FullWAVE. 
2.5.1.1 BeamPROP and BPM 
RSoft’s BeamPROP is an implementation of the beam propagation method (BPM).  
The beam propagation method uses a finite difference solution to the Helmholtz 
equation, given in Eq. 2.28, to find field distributions in a waveguiding structure.   
 (?? + ??)? = ?
??
??? +
???
??? +
???
??? + ?
?? = 0 
Eq. 2.28 
Helmholtz 
Equation 
Where, ?(?,?, ?) = ???? ?(?,?, ?)  and ?(?,?, ?)   is the refractive index as a function of 
space.  We can then define ? in terms of the field distribution and a phase factor in 
Eq. 2.29. 
 ?(?, ?, ?) = ?(?, ?, ?)????? 
Eq. 2.29 
Amplitude and Phase of a 
Wave 
Where ?? is a constant describing the average phase change of ? in ?.  If Eq. 2.29 is 
plugged into Eq. 2.28, the following steps may be made.  
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 ????? ?
??
??? + ?
???? ???
??? +
????????
??? + ?
??????? = 0 
Eq. 2.30 
Eq. 2.28 into Eq. 
2.29 
   
 
???
??? = ?
???? ?2??? ???? +
???
??? ? ??
??? Eq. 2.31 ?2????2 Eq. 2.29 
   
 ????? ??
??
??? +
???
??? + 2???
??
?? +
???
??? ? ??
?? + ???? = 0 
Eq. 2.32 
Expanded 
Helmholtz 
If we then make the following slow varying envelope approximation [12], the 
fundamental equation to be used for the beam propagation method in Eq. 2.33 
comes out. 
 ?
??
??? ? 2???
??
??   
   
 
??
?? =
?
2?? ?
???
??? +
???
??? + ??
? ? ?????? Eq. 2.33 BPM Equation 
The result of this approximation is a paraxiality requirement.  The approximation is 
valid only if the beam is travelling very closely to the ?-axis.  The field structure in 
?, ? is defined initially and subsequent values are calculated using discrete methods. 
To remove the paraxiality requirement, a method known as wide-angle BPM is 
employed.  This starts from Eq. 2.32 and replaces all ?  ??  with ? .  The following 
quadratic equation results. 
 ?? + ??2???? + ???? = 0 
Eq. 2.34 
Quadratic form of Eq. 
2.32 
   
 ? = 1??? ?
??
??? +
??
??? + ??
? ? ????? Eq. 2.35 P operator constant 
Using the quadratic formula, the following expression is found for ?, 
 ? = ?????1 + ? ? 1? Eq. 2.36 D operator 
   
 
??
?? = ?? =  ?????1 + ? ? 1?? ?????????????????????? 
If a first order Taylor (Maclaurin) series expansion is used to evaluate ?1 + ?, so that 
?1 + ? ? 1 + ??, the original BPM equation found in Eq. 2.33 results.  The higher order 
expansion employed in the method, the more accurate results will be [13].  More 
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commonly, a Padé approximant is used for this step.  Padé approximants are defined 
by a ratio of two power series.  The different approximants are defined by indices 
which denote the order of the numerator and denominator series, respectively.  The 
Padé order (1,0) corresponds to the Maclaurin series previously mentioned [14].  As 
with the Maclaurin series expansion, the higher order approximation is made, the 
better the approximation is.  RSoft allows use of Padé orders (1,0), (1,1), (2,2), 
(3,3), and (4,4).  As the quality of the approximation increases, the paraxiality 
requirement is loosened [15]. 
2.5.1.2 FullWAVE and FDTD 
FullWAVE is RSoft’s implementation of the finite-difference time-domain method for 
solving electromagnetic problems.  This method involves a full solution to Maxwell’s 
equations over a defined grid of points.  The fundamental concepts behind this 
method are discussed below. 
Beginning with Faraday’s law, the following derivation is performed. 
 ? × ? = ?????  
Eq. 2.37 
Faraday’s Law 
   
 
? × ? = ??
? ? ??
? 
??
? 
??
? 
??
?? ?? ??
?? = 
? ?????? ?
???
?? ? ? ? ?
???
?? ?
???
?? ?+ ?? ?
???
?? ?
???
?? ? = 
??? ????? + ?
???
?? + ??
???
?? ? 
Eq. 2.38 
Faraday’s Law 
Expanded 
This equation can be broken into three separate scalar equations as follows. 
 ?????? =
???
?? ?
???
??  
Eq. 2.39 
Scalar Maxwell’s Equation 1 
   
 ?????? =
???
?? ?
???
??  
Eq. 2.40 
Scalar Maxwell’s Equation 2 
   
 ?????? =
???
?? ?
???
??  
Eq. 2.41 
Scalar Maxwell’s Equation 3 
The same thing can be done starting with Ampère’s Law to yield equations for the 
components of ????, giving a total of six equations. 
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A grid of spatial points must then be defined with spacing ??, ??, and ??.  The values 
of ? and ? can then be calculated across the entire grid from the initial conditions 
after a defined time step ?? .  In order to avoid solving for both ?  and ? 
simultaneously, the grids for ?  and ?  are offset by ??? , 
??
? , and 
??
? .  This is an 
acceptable approximation as long as Eq. 2.42 is held where ????  is the maximum 
speed of light in the medium. 
 ???? + ??? + ??? > ?????? 
Eq. 2.42 
FDTD Time Step 
Requirement 
The actual calculations for ? and ? components are made using Eq. 2.43, where ? is 
the time step index and ?, ?,? are the grid points discussed above. 
 
????½(?, ? + ½, ? + ½)? ????½(?, ? + ½, ? + ½)
??
= ??
?(?, ? + ½, ? + 1)? ???(?, ? + ½, ?)
??
? ??
?(?, ? + 1, ? + ½)? ???(?, ?, ? + ½)
??  
Eq. 2.43 
Finite Difference 
Equation (Eq. 2.39) 
Analogous equations can be defined for each of the six scalar Maxwell’s equations.  
Each calculation is performed at every grid point for both ? and ? in the simulation 
domain to find the field values [16].  This can be very time consuming since these 
equations have to be calculated at every point in the simulation region. 
2.5.1.3 Simulation Launch Options 
The two methods of input used in this work are RSoft’s slab mode and multimode.  
Slab mode corresponds to the fundamental mode of the launch structure.  A 
multimode input is created by first calculating all the supported modes of the launch 
structure.  Each of these modes is given a random phase and then equally weighted 
and summed together. 
2.5.2 ZEMAX 
ZEMAX is used for optical system modeling and design.  It does not perform the 
same types of calculations as RSoft and uses very different methods of calculation.  
Generally, ZEMAX is used for ray tracing, which is part of the geometrical 
approximation of optics, and is done by assuming an infinitely small wavelength.  
There is an exception to this in the Physical Optics Propagation (POP) module within 
ZEMAX.  This is the portion of the software that will be used in this thesis. 
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2.5.2.1 Physical Optics Propagation 
The ZEMAX physical optics propagation has two methods of propagation; angular 
spectrum propagation and Fresnel propagation.  Which method is used is determined 
by the Fresnel number, given in Eq. 2.44, where ? is the beam radius and ? is the 
propagation distance [17], [18]. 
 ?? =
??
?? 
Eq. 2.44 
Fresnel 
Number 
For ?? < 1, the propagation is said to be in the far field, for which ZEMAX uses the 
Fresnel propagator and while ?? > 1, near field angular spectrum propagation is used.  
ZEMAX allows the user to override this automatic selection and select the angular 
spectrum propagator as well.  The regions where angular spectrum and Fresnel 
propagations are appropriate are shown in Figure 2.15. 
 
Figure 2.15: Propagation method selection based on Fresnel number 
For this work, the Fresnel number will be larger than one, so the angular spectrum 
propagation will be used by ZEMAX in its calculations.  The reasoning behind this 
assertion will be discussed in section 3.4. 
2.5.2.2 ZEMAX Programming Language 
ZEMAX has a built in macro language called ZEMAX Programming Language, or ZPL.  
This tool allows the user to automate different ZEMAX tasks such as changing 
parameters and executing simulations.  It is similar to BASIC and can be quickly 
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understood.  The ZEMAX User’s Manual contains a full description of available 
functions and syntax [17]. 
The macro files are written in a text editor outside of ZEMAX and saved to the 
ZEMAX macros directory.  The macro is then run by selecting it from the macros 
menu in ZEMAX.  The code used for this project is included in the appendix. 
2.5.3 MATLAB 
MATLAB is used as a general tool throughout this work due to the author’s familiarity 
with it and its ease of use in many areas.  Relevant code will be included in the 
appendix and the functions used for various tasks will be mentioned in context.  This 
section includes background on mathematical concepts dealt with in the MATLAB 
portions of this work. 
2.5.3.1 Image Cross Correlation 
The cross correlation of two images indicates how similar the images are.  The 
maximum value indicates the position at which the second image best matches the 
first image [19].  Using the MATLAB function xcorr2, the cross correlation of two 
images can easily be computed.  This concept will be used to find repeating mode 
structures in a waveguide.  Two cross sections can be cross correlated and, from the 
resulting function, their similarity can be found.  If the maximum occurs at the 
center of the matrix, the two images are most similar when overlaid on top of each 
other, indicating a repeating mode structure. 
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Chapter 3  
 
Model Development 
3.1 Beam propagation method (RSoft BeamPROP) 
The Beam Propagation Method (BPM) is a popular method for waveguide modeling 
based on its relative simplicity.  Its ease of implementation for a particular problem 
paired with its relatively short run times make it an efficient choice for modeling 
waveguide systems [20]. 
The main problem in using BPM for modeling of a via system is the paraxiality 
requirements [21].  Paraxiality conditions are met when light travels in a direction 
with a small angle difference to the optical axis.  In a via system, light is expected to 
travel at 90° to the original optical axis.  Some BPM methods have been developed 
to account for this [22]; however they are not available in RSoft’s BeamPROP 
software. 
By using Padé approximations, the BPM method can be improved for wide-angle 
propagations [15].  Due to the simplicity of use of the BeamPROP software, a quick 
analysis can be made using the different Padé approximants to see the effects of 
changing this approximation.  Some parameters of these simulations are in Table 
3.1. 
Table 3.1 
Padé approximant simulation parameters 
Core index 1.53 
Cladding index 1.51 
Wavelength 850 nm 
Core width 50 μm 
Reflector material Gold 
First, a straight waveguide of length 500 μm was created which intersected another 
straight waveguide creating a 90° angle.  A gold reflector was placed at 45° in the 
intersection using the built in RSoft gold profile.  The simulation was run with each 
available Padé order.  The beam propagated correctly through the initial waveguide, 
however did not reflect as desired at the gold interface for each Padé order.  The 
results of the lowest and highest Padé orders can be seen in Figure 3.1 and Figure 
3.2, respectively.  Next, the system was tilted 45° to minimize the required change 
in direction with respect to the z-axis.  The launch angle was tilted at 45° as well.  As 
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can be seen in Figure 3.3 and Figure 3.4, the simulation was unable to guide the 
wave through the first section at all. 
 
Figure 3.1: Straight 90° Turn with Padé 
order (1,0) 
 
Figure 3.2: Straight 90° turn with Padé 
order (4,4) 
  
 
Figure 3.3: Tilted 90° turn with Padé 
order (1,0) 
 
Figure 3.4: Tilted 90° turn with Padé 
order (4,4) 
These results quickly and clearly indicated that modeling a via system in BeamPROP 
would not provide any acceptable results.  The BPM was not entirely discounted, 
however, and its application in this work will be further discussed in a later section. 
3.2 Finite difference time domain method (RSoft 
FullWAVE) 
The Finite difference time domain method (FDTD) implemented in RSoft’s FullWAVE 
software offered the opportunity to model the same system described in the previous 
subsection using a full solution to Maxwell’s equations.  This would allow propagation 
to remain in the waveguide structure and correctly reflect off of the gold surface.  
This is demonstrated in a small scale simulation in Figure 3.5. 
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Figure 3.5: FullWAVE simulation of straight 90° turn 
Using the same CAD files from the previous subsection in the Padé order 
investigation, FullWAVE simulation requirements were determined based on 
simulation region grid size.  For the untilted simulation, each time step of the 
simulation would require 1.74 seconds and over 2800 MB of memory, while the tilted 
simulation would require 2.46 seconds and over 4000 MB of memory, despite its only 
slightly larger simulation area.  Each time step represents .025*cT (default value), 
which corresponds to about 12.5 nm of propagation length.  To propagate the length 
of the first waveguide leg (500 μm), this requires 40,000 time steps, or 19.3 hours.  
Bearing in mind that this is only half of an atypically small simulation, it was argued 
that this approach is also not acceptable. 
The root of the problem in using FDTD for this sort of simulation is the requirement 
that every point on a rectangular grid be calculated for.  For this reason, the method 
does not do well as the simulation size scales up [23].  As the length of each leg 
increases, the empty space in the lower left corner of Figure 3.5 increases quickly. 
Attempts were made to use the non-uniform grid feature in FullWAVE, however the 
non-uniform grid was only allowed to be defined at interfaces (the edges of the 
guide).  This leads to acceptable sampling along the edges and inadequate sampling 
in the middle of the waveguide (which is still of interest) along with the desired low 
sampling of the empty space.  Use of parallel processing with GPUs, for example, 
was briefly discussed, but not pursued.   
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3.3 Ray Tracing (ZEMAX) 
A simple ZEMAX model was designed in sequential ray tracing mode.  This model can 
be seen in Figure 3.6.  This model uses ray tracing techniques, which is unable to 
describe the behavior of the system with different modal structures used as inputs.  
It provides a nice geometric visual of what’s going on in the system, but is unable to 
provide any real simulation data. 
 
Figure 3.6: Simple ZEMAX ray tracing model 
3.4 Physical Optics Propagation (ZEMAX) 
The physical optics module in ZEMAX allows for the propagation of field data through 
a system using the angular spectrum or a Fresnel propagator.  The same model that 
was developed using the ray tracing technique can be used with the POP module.  
ZEMAX has some field profiles packaged with the software; however it is unable to 
generate these varied fields itself. 
In the ray diagram pictured in Figure 3.6, it can be seen that the beam is not 
incident on a surface with notably lower beam size than the original 50 μm x 50 μm.  
This fact, in combination with the propagation distances between surfaces all above 
0.15 mm indicate that the angular spectrum is the correct choice for propagation 
technique based on the Fresnel number analysis shown in Figure 2.15. 
3.5 Multi-software Approach 
None of these single software approaches led to efficient results; some of them not 
even providing acceptable results.  It was then decided to use the strengths of each 
piece of software and combine them to produce efficient results.  RSoft is able to 
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provide modal information from light propagating in a waveguide, but does not do 
well with direction of propagation changes.  On the other hand, ZEMAX does not do 
electromagnetic mode solving, but is able to propagate definable inputs through 
complicated optical systems.  It was decided that a good solution would be to use 
RSoft to generate modal structures which would then be input into ZEMAX for 
propagation through the via. 
3.5.1 RSoft mode generation 
RSoft’s BeamPROP software is able to provide cross-sectional slices of the field within 
a waveguide.  The spacing of these cross-sections is user definable in the simulation 
parameters.  The parameters listed in Table 3.2 were used for the following 
simulations.  Any variations will be noted in the specific sections. 
Table 3.2 
RSoft mode generating simulation parameters 
Core index 1.53 
Cladding index 1.51 
Core width 50 μm 
Core height 50 μm 
Wavelength 850 nm 
Cross-section sampling 10 μm 
Launch profile 5.6 μm 
SM fiber 
The motivation for using different structures to generate modes is that the specific 
modes that will be present in an actual system implementation will be unknown.  
Each structure will provide a different insight into the performance of the via 
structure. 
3.5.1.1 15 mm Straight – Single Mode Fiber Input 
A square waveguide of length 15mm was defined to investigate the repeating mode 
structures in this symmetric guide profile.  This length was chosen to allow a full 
repetition of modes in the off center single mode fiber input.  Two different inputs 
were used in order to generate different mode structures in the waveguide. 
1. Centered single mode fiber input 
This set of modes was generated by inputting a 5.6 μm single mode fiber at 
the center of the waveguide as seen in Figure 3.7. 
2. Off center single mode fiber input 
This set of modes was generated with the 5.6 μm single mode fiber input in 
the center of the upper right quadrant of the waveguide as seen in Figure 3.8. 
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Figure 3.7: Centered single mode input 
 
Figure 3.8: Off center single mode input 
 
3.5.1.2 15 mm Straight – Multimode Input 
This set of modes was generated using RSoft’s built in multimode launch conditions.  
The launch profile filled the entire waveguide cross section so that all modes 
supported by the structure would be filled.  The same file was used as in the other 
straights with only the launch conditions changed. 
3.5.2 ZEMAX Via Model 
The ZEMAX model for the via consists of a free space propagation distance, two 300 
μm BK7 ball lenses, two volumes of BK6 (for core material) and a reflecting mirror.  
The light enters through one ball lens and exits through the other as seen in Figure 
3.9. 
 
Figure 3.9: ZEMAX via model layout 
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According to the ZEMAX Schott glass catalog, the index of refraction of BK6 is 1.5311 
and transmission at 850 nm over 25 mm to be 99.5%, which corresponds of a .0087 
?????? ?????? ??????? ?????????????????? ?????????????? ????????? ???????????????????????
??????? ?????? ???? ?????? ?????? ???? ????? ????????? ??? ???? ???? ??? ???????? ?????? ??????
There will be higher absorption in the real system; however the propagation through 
this material is less than 2 mm total, so the difference in results is insignificant. 
The object plane is designed to use a file input (taken from the RSoft mode 
generation) and the Physical Optics Propagation (POP) method is used to propagate 
that input to the image plane (on top in Figure 3.9).  At this point, ZEMAX outputs a 
ZEMAX beam file (ZBF) that can be used for further analysis. 
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Chapter 4  
 
Running the Simulation 
4.1 RSoft parameters 
The cross sectional grid in the BeamPROP simulation was defined to cover the region 
from -28.8 μm to 28.8 μm at 50 nm spacing between points.  This covers the entire 
50 μm x 50 μm waveguide with some space around the edges.  The simulation was 
run from 0 to 15 mm in the z direction, saving a cross section slice every 10 μm.  No 
parameters for the input power were set.  Power normalization was taken care of in 
a different step of the process. 
4.2 RSoft output 
RSoft outputs files based on the prefix defined by the user and then sequentially 
numbers every file starting at 0.  For this reason, a multiple of ten was chosen for 
the cross-section sampling distance (10 μm).  For example, if the selected prefix is 
15mm_sm_straight, 15mm_sm_straight.000 corresponds to the slice at z=0 in the 
RSoft simulation.  15mm_sm_straight.001 would then correspond to the slice taken 
at z=10 μm and so on.  This simple numbering scheme makes accessing the files a 
simple matter of counting (using a for loop).  The values stored in these files are in 
ASCII format with standard delimiters, so they can be viewed easily with a text 
editor or spreadsheet tool; however they may be quite large. 
4.3 RSoft to ZEMAX conversion 
Built in to RSoft is a Raytracing File Converter utility.  This utility allows the user to 
convert between RSoft and ZEMAX or Code V file formats.  There is a simple 
graphical user interface (GUI) for this utility; however there is no command line 
interface (CLI) command detailed in the user’s guide.  CLI options are listed for Code 
V conversion, but not ZEMAX.  It was suspected that, as with most RSoft processes, 
a CLI option was available, but for some reason not referenced in the user’s guide.  
Through contact with an RSoft support engineer, it was initially determined that this 
functionality was not available, but after further discussion with a developer, it was 
available, but not documented.  An addition to the user’s manual will be added in 
future editions and this addition was made available for this project.  It is included in 
the appendix as well. 
The CLI functionality was used in MATLAB using the system function, where MATLAB 
issues system commands.  Due to the convenient naming scheme for RSoft output 
32 
files, a quick script can easily be written to loop through the appropriate numbers 
and issue a command to the RSoft Raytracing File Converter.  This method was used 
on all RSoft output files.  ZEMAX output files were 1024 x 1024 arrays of complex 
field values.  The naming scheme for these files was modified slightly, but retained 
both the prefix and the numbering of the original RSoft files.  Each file was named 
with the following format: [prefix][number].zbf. 
One advantage of this processing step is the decrease in file size between RSoft and 
ZEMAX file formats.  RSoft stores its data as ASCII (text) values, whereas ZEMAX 
stores all values in binary, allowing for a smaller file size and quicker read times for 
the same data.  Any later manipulation of field data was done using the ZEMAX file 
format for this reason. 
4.4 Mode Profiles and Repeating Structures 
After the mode files were converted to the ZEMAX file format, the beams were read 
into MATLAB to create a cross sectional view of the length of the waveguide.  The 
field inside the waveguide was summed over one axis to create a one dimensional 
cross section.  Each one dimensional cross section was then used as a row in an 
image to create the mode profile with respect to the z axis (direction of 
propagation). 
During this process, the cross correlation of each slice with the first slice was 
computed.  The maximum value of the cross correlation corresponds to the best 
possible match of the two images, as previously mentioned [19].  From the large 
resulting cross correlation matrix, two values were taken; the value at the center of 
the matrix and the maximum value.  The value at the midpoint indicates the 
similarity when the two images are laid directly on top of each other.  The maximum 
value should be the midpoint if the images are the same.  It is also possible that the 
midpoint is not the maximum.  The meaning of this will be discussed later.  To save 
on computation time, the matrices that were cross correlated were shrunk by a 
factor of four, using the imresize function with box interpolation in MATLAB. 
The goal of this step is to determine if the mode structure is repeating.  This allows 
steps to be taken to ensure the inputs are not repeated, which would unequally 
weight the input structures and potentially skew the final output data.  Additionally, 
images of the modal structure along the propagation length are easily generated 
within this code. 
4.5 ZEMAX macro 
The ZEMAX macro allows the same physical optics propagation to run iteratively, 
changing the beam input for each iteration.  The macro is run from within ZEMAX by 
selecting it from the Macros menu.  The user is then asked for a file prefix, start 
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number, end number, and to which surface the input should be propagated.  The file 
prefix corresponds to prefix used in the previously mentioned file naming format and 
the start and end numbers correspond to the range of numbers to loop through 
propagating each corresponding input file. 
Using the MODIFYSETTINGS command in ZPL, the source file is set to the file 
corresponding to the current iteration and the total power of the input is set to one.  
This is meant to isolate the via effects from the waveguide structure by removing 
any power loss that may have occurred during the RSoft simulation.  Additionally, 
normalizing the power to one makes it simple to translate the final output power to a 
percentage.  The physical optics propagation is then executed and the output file is 
named with a new prefix that is related to the original prefix. 
The macro was run manually for each set of mode inputs and each set was run 
twice, with the input was placed at a lead-in distance of 250 μm and 500 μm from 
the front of the first ball lens. 
4.6 MATLAB Summary of Results 
MATLAB was used to read in all the output ZEMAX files and calculate the total power 
present in the output.  A square or circular region of interest can be defined to zero 
out any power outside of the desired region.  If the desired region is larger than the 
available region in the file, a warning is given.  This is useful for calculating the 
power present within the connector fiber radius.  A circle of diameter 125 μm was 
used in these simulations; however it did not impact the results, as effectively all of 
the power was within this region. 
The ZEMAX ZBF data is stored so that Ex*Ex+Ey*Ey is defined as watts [17].  For this 
reason, the matrix of values from the ZEMAX output is simply added up to calculate 
total power at the end of propagation.  The number of inputs that provided output in 
a given 10 mW range were counted and graphed. 

35 
Chapter 5  
 
Results 
5.1 15 mm Straight – Centered Single Mode Input 
A selection of mode cross sections using the 15 mm straight with centered single 
mode input is shown in Figure 5.1, chosen simply at 100 μm spacing.  It can be seen 
that the modal structures appear to have regular patterns, but vary greatly at 
different distances. 
The distribution across z with the calculated cross correlation data is displayed in 
Figure 5.2.  As is expected, the mode distribution can be seen to repeat at a regular 
interval.  The presence of a repeated field distribution is verified by the cross 
correlation data peaks.  Both the maximum and midpoint methods peak where the 
repetitions occur.   
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Figure 5.1: Selection of modes in 15 mm straight with centered single mode input 
 
 
Figure 5.2: 15 mm straight with centered single mode input mode profile and cross 
correlation data 
37 
These repetitions also illustrate the difference between the maximum and midpoint 
methods.  Halfway between each repetition of the centered input distribution, there 
occurs a split in the distribution with two lobes equally spaced about the center near 
?=2.5 mm, for example.  Here, the maximum cross correlation method peaks, 
because each of the two lobes is similarly distributed to the original central lobe; 
however the midpoint method shows that this maximum cross correlation does not 
occur when the two distributions are centered on each other. 
Based on this data, the specific files to propagate through the via model can be 
determined.  It is undesired to unequally weight the modal structures in the final 
results, so the inputs should be taken from an integer number of repetitions of the 
distributions.  Since they are nearly exact replicas, it is practical to use only one 
cycle, corresponding to the slices between 0 and 4.70 mm.  This first section is the 
best choice because while the modal distribution repeats itself, there are some slight 
differences that develop as a result of propagation, which account for the slight 
decrease in cross correlation peaks as z increases. 
The results from the via propagation for both lead-in distances are seen below in 
Figure 5.3 and Figure 5.4.  The upper graph in each figure shows the power output 
for each mode propagation length, with the mean of these values graphed as well.  
The lower graph displays the number of inputs that provided a given output power, 
similar to an image histogram.  The closer input had a higher mean power output at 
47.0% (-3.28 dB), while the input placed 500 μm from the via had an average power 
output of 46.1% (-3.36 dB).  The peaks correspond to mode structures when the 
majority of the power was centrally concentrated or converging to the center. 
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Figure 5.3: Power output after via propagation for 250 μm lead-in (center SM input) 
 
Figure 5.4: Power output after via propagation for 500 μm lead-in (center SM input) 
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5.2 15 mm Straight – Off Center Single Mode Input 
Again, a selection of modes at 100 μm spacing, this time using the 15 mm straight 
with off center single mode input, is shown in Figure 5.5 and the corresponding 
mode profile and cross correlation data is shown in Figure 5.6. 
 
Figure 5.5: Selection of modes in 15 mm straight with off center single mode input 
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Figure 5.6: 15 mm straight with off center single mode input mode profile and cross 
correlation data 
 
Figure 5.7: 15 mm straight with off center single mode input modal distributions 
corresponding to cross correlation peaks 
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The large peak in the maximum cross correlation value occurs when the modal 
distribution is almost perfectly repeated, but in a different location.  The small peak 
in both maximum and midpoint corresponds to a distribution where the input is 
repeated, but there are other significant components in the distribution.  Finally, the 
major shared peak is a repetition of the original distribution; however energy has 
begun to be distributed away from the original point of input.  Once again, this 
degradation in mode repetition corresponds to a lower cross correlation peak. 
The power outputs of the via propagation can be seen plotted in Figure 5.8 and 
Figure 5.9.  As in the centered input case, several peaks in the cross correlation data 
appear, indicating some sort of repetition in the mode structure.  These major peaks 
occur at 4.71 mm and 14.13 mm and a secondary peak in both methods occurs at 
9.42 mm.  The modal distributions at these particular positions are displayed in 
Figure 5.7. 
The average losses in both the 250 μm and 500 μm lead-in were equal at 45.3% 
throughput or -3.44 dB.  Again, the peaks corresponded to the mode structures 
where the power is concentrated in a small area.  The wider peaks corresponded 
with the locations that this concentrated power was in the center of the waveguide.  
The skinnier peaks correspond to the modal structures where the power was 
concentrated in a small region which is not at the center.   
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Figure 5.8: Power output after via propagation for 250 μm lead-in (off center SM 
input) 
 
Figure 5.9: Power output after via propagation for 500 μm lead-in (off center SM 
input) 
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5.3 15 mm Straight – Multimode Input 
The multimode input generating function in RSoft fills all supported modes equally 
and assigns a random phase to each.  Some cross sections from the 15 mm 
propagation are seen in Figure 5.10 . 
 
Figure 5.10: Selection of modes for 15 mm straight with 50 μm multimode input 
Since the multimode input is formed using a random phase assigned to each of the 
possible modes, it is not expected that the field should repeat itself exactly.  As can 
be seen in Figure 5.11, this is indeed the case.  The cross correlation of the fields 
with the input distribution do not peak to a significant level.  Figure 5.12 shows the 
same information for a different random phase assignment.  MM input 1 refers to 
one particular set of random phase assignments and MM input 2 refers to a different 
set. 
The output data for each set of multimode inputs is seen in Figure 5.13, Figure 5.14, 
Figure 5.15, and Figure 5.16.  Loss levels are at -4.71, -4.76, -4.67, and -4.72 dB, 
respectively. 
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Figure 5.11: 15 mm straight with multimode input mode profile and cross correlation 
data (MM input 1) 
 
Figure 5.12: 15 mm straight with multimode input mode profile and cross correlation 
data (MM input 2) 
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Figure 5.13: Power output after via propagation for 250μm lead-in (MM input 1) 
 
Figure 5.14: Power output after via propagation for 500 μm lead-in (MM input 1) 
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Figure 5.15: Power output after via propagation for 250 μm lead-in (MM input 2) 
 
Figure 5.16: Power output after via propagation for 500 μm lead-in (MM input 2) 
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The propagation simulation was also performed for a lead-in distance of 0.  The 
results from this simulation are seen in Figure 5.17.  Losses at this lead-in distance 
were 4.88 dB. 
 
Figure 5.17: Power output after via propagation for 0 μm lead-in (MM input 2) 
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5.4 Experimental Data 
These via structures were fabricated and tested by other members of the research 
group.  A 50 μm core diameter fiber input was used to the via and output coupling 
was made using a 62.5 μm core diameter fiber.  An input power of 1.68 mW was 
used.  The distance between the end face of the input fiber and the front of the input 
ball lens was not able to be measured; however this distance was believed to be less 
than 1 mm. 
Table 5.1 
Experimental via data at 1.68 mW input 
Via Output Power (μW) 
Through Power  
(%) 
Losses 
(dB) 
1 180 10.71 9.70 
2 750 44.64 3.50 
3 820 48.81 3.11 
4 550 32.74 4.85 
5 835 49.70 3.04 
6 870 51.79 2.86 
With the exception of via #1 and #4, these values fall within the expected range 
indicated by the simulations.  It is possible that a defect was present in the 
manufacturing of via #1 or that it was not aligned properly to achieve maximum 
power throughput of the system.  This misalignment is likely the cause of via #4’s 
low performance. 
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Chapter 6  
 
Conclusion 
6.1 Discussion of Results 
A multi-software model was proposed for the simulation of light through an optical 
vertical interconnect assembly.  This model took advantage of the integrated optics 
strengths of RSoft’s BeamPROP software and the optical system propagation strength 
of the ZEMAX optical design software.  Waveguide mode structures were generated 
with the beam propagation method and propagated an optical system using the 
angular spectrum propagation technique.  MATLAB was used to evaluate output data 
from each step of the process.  This included checking for repeating mode structures 
using the cross correlation of the distributions with the input field so that each field 
distribution was only used once. 
A single mode fiber of core diameter 5.6 μm was used as in input to a 15 mm 
waveguide to generate these field structures.  This type of fiber is what is utilized for 
the experimental setup in the lab, so it was a natural choice for a simulation input.  
This single mode input was input to a 50 μm square multimode structure.  The fiber 
was placed at the center of the 50 μm square as well as in an off center position in 
the upper right quadrant of the waveguide. 
With the centered single mode input, the mode structure was seen to repeat itself at 
regular intervals.  Therefore only the field distributions through the first repetition 
were propagated through the via model.  The highly regular field distributions 
through this region of the guide showed less than 3 dB loss through the via.  The 
best performance occurred when most of the power was present in the center of the 
waveguide. 
For the off center single mode input, the mode structure was again seen to repeat 
itself, but over a longer interval.  Again, the field distributions through one repetition 
of the input were input into the via model.  These distributions also showed losses of 
less than 3 dB.  As in the centered single mode input, the mode structures were 
highly regular with best performance when the majority of the power was present in 
the middle of the waveguide. 
A multimode input was generated in RSoft by uniformly weighting all modes and 
assigning a random phase to each one.  This input method is the most realistic, since 
boards fabricated with this technology will contain waveguide geometries that will 
induce mode stirring and many modes will be present.  Two different iterations of 
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these types of distributions were completed to show the similarity of performance 
with these two different inputs. 
For the multimode inputs, average losses of 3.5 to 4 dB were seen.  These numbers 
are in agreement with the experimental data that has been gathered on the vias that 
have been fabricated in the lab. 
Higher losses when the input was placed directly on the first surface indicate that 
there is an optimum distance between 0 and 500 μm where the average losses 
through the via can be minimized. 
These results are positive indicators that the link budget of less than 3 dB per via is 
achievable.  While this particular design does not consistently show this efficiency, it 
is reasonable to expect that subsequent modifications to the design can improve the 
overall efficiency within the required range. 
The single mode input configurations can be seen to represent a physical 
configuration where a single mode source is placed above the via and used to insert 
light into the waveguide network, since the via is a symmetric device and will work 
the same in both a forward and reverse direction.  These simulations as a whole 
showed lower average losses, but it is even more promising that the mode structures 
when the field is centered and diverging (similar to the input a VCSEL would 
provide), losses were lower than the average indicates.  While the average indicated 
just under 3 dB loss, Figure 5.3 and Figure 5.4 show peaks of 100% transmission (0 
dB loss). 
While input configurations show promising losses of only 0 to 3 dB, output 
configurations showed greater than 3 dB losses in most cases.  This means that it 
????????????????????????????? ?????????????????? ???????????????????????????????????
below the 3 dB target. 
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6.2 Future Work 
The next step for this work would be to develop a model in ZEMAX using the non-
sequential mode.  In non-sequential mode, the user is allowed to define shapes and 
volumes of material instead of a sequence of surfaces.  This would allow the 
simulation to account for any guiding effects taking place within the via channels.  
Another area of interest would be to add an additional step at the end of this process 
to calculate the coupling efficiency if a fiber were placed at the output of the via.  
This could be done by using the ZEMAX output as an input into another RSoft step. 
Through running this process with different parameters, optimum parameters for the 
distance between the input waveguide and the first ball lens could be found.  This 
same concept could be applied to the distance between the output ball lens and the 
surface where power is calculated.  Also, as the design of the via changes, these 
simulations would need to be run again; however the methods are in place to do so. 
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Appendix 
MATLAB Code 
READZEMAX Function 
function [data header]=readzemax(infile) 
% READZEMAX    Read ZEMAX ZBF file 
%   [DATA,HEADER]=READZEMAX('filename') reads in the ZBF file specified by 
%   'filename' and returns both the header information and the data stored 
%   in the file.  This function is not configured to work with polarized 
%   data - only Ex is read in. 
%  
%   DATA is a matrix of complex numbers corresponding the numbers in the 
%   ZBF file 
%  
%   HEADER is a structure that contains the header information contained 
%   within the ZBF file as described in the ZEMAX User's Manual 
% 
%   (c)2011 Matthew D. Howard (mdhoward@mtu.edu) 
%      Michigan Technological University 
  
    % Extract information from the filename 
    [filepath filename fileext]=fileparts(infile); 
     
    % Open the file and get filesize 
    fid=fopen([filepath '/' filename fileext]); 
    temp=dir(infile); 
    fsize=temp.bytes; 
     
    % Define allowable ZEMAX file sizes 
    zSizes=(2.^(5:13)).^2*8*2; 
     
    % Determine the number of values stored in this file 
    zIndex=find(fsize>zSizes,1,'last'); 
    zSize=zSizes(zIndex); 
     
    % Read in integer and double header data 
    ints=fread(fid,9,'int32'); 
    doubs=fread(fid,20,'double'); 
     
    % Define header structure elements 
    header.version=ints(1); 
    header.nx=ints(2); 
    header.ny=ints(3); 
    header.polarized=ints(4); 
    switch ints(5) 
        case 0 
            header.units='mm'; 
            header.unitFactor=1e3; 
        case 1 
            header.units='cm'; 
            header.unitFactor=1e2; 
        case 2 
            header.units='in'; 
            header.unitFactor=1e2*2.54; 
        case 3 
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            header.units='m'; 
            header.unitFactor=1; 
    end 
     
    header.xspacing=doubs(1); 
    header.yspacing=doubs(2); 
    header.zpositionx=doubs(3); 
    header.rayleighx=doubs(4); 
    header.waistx=doubs(5); 
    header.zpositiony=doubs(6); 
    header.rayleighy=doubs(7); 
    header.waisty=doubs(8); 
    header.wavelength=doubs(9); 
    header.index=doubs(10); 
    header.recEff=doubs(11); 
    header.sysEff=doubs(12); 
     
    header.xlim=header.nx/2*header.xspacing; 
    header.ylim=header.ny/2*header.yspacing; 
     
    % Read in data 
    data=fread(fid,zSize^2*2,'double'); 
     
    % Combine real and imaginary parts into single complex number 
    data=data(1:2:end)+data(2:2:end)*1i; 
     
    % Reshape the data matrix to be square 
    data=reshape(data,sqrt(zSize/16),sqrt(zSize/16)); 
  
    fclose(fid); 
 
Input Mode Analysis Script 
 
clear all, close all, clc 
  
% Define prefix and range of indices to look at 
prefix='PREFIX'; 
range=0:1500; 
  
% Read in initial ZBF file 
[data0 header0]=readzemax(sprintf('D:/%s%03u.zbf',prefix,range(1))); 
  
% Allocate memory for mode profile and cross correlation values 
xmodes=zeros(size(range,2),size(data0,2)); 
xcormax=zeros(size(range,2),1); 
xcormid=zeros(size(xcormax)); 
  
% Resize first image to use in cross correlation 
f=imresize(data0,.25); 
  
% Loop through entire index range 
for ii=range 
    % Read in the file corresponding to the current index 
    filename=sprintf('D:/%s%03u.zbf',prefix,ii); 
    [data header]=readzemax(filename); 
     
    % Calculate cross correlation of images at 1/4 size 
    temp=xcorr2(f,imresize(data,.25,'box')); 
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    % Find the maximum value in the cross correlation matrix 
    xcormax(ii+1)=max(max(temp));  
     
    % Find the midpoint value in the cross correlation matrix 
    xcormid(ii+1)=temp(floor(size(temp,1)/2),floor(size(temp,2)/2)); 
     
    % Sum the field data to create 1D profile 
    xmodes(ii+1,:)=sum(data); 
end 
  
% Plot field distribution profile 
figure,subplot(2,1,1) 
imagesc([0 15],[-header.xlim header.xlim]*1e3,abs(xmodes')) 
title('1D Mode Profiles along Propagation Length') 
xlabel('z distance (mm)') 
ylabel('x distance (\mum)') 
  
% Plot cross correlation values 
subplot(2,1,2) 
plot(0:.01:15,abs(xcormax/xcormax(1))), hold on 
plot(1e-3*(0:10:15000),abs(xcormid/xcormid(1)),'g'),hold off 
title('Cross Correlation of 2D Profile at z with Input Profile') 
xlabel('z distance (mm)') 
ylabel('Normalized Cross Correlation') 
legend('Maximum','Midpoint') 
  
% Plot 16 mode profiles 
for ii=0:15 
    subplot(4,4,ii+1) 
    filename=sprintf('D:/%s%03u.zbf',prefix,ii*100); 
    [data header]=readzemax(filename); 
    if ii==0 
        maxval=max(max(abs(data))); 
    end 
    imagesc([-header.xlim header.xlim]*1e3,[-header.xlim 
header.xlim]*1e3,abs(data),[0 maxval]); 
    title([sprintf('Cross Section at z=%u',ii*100) '\mum']) 
    xlabel('x (\mum)') 
    ylabel('y (\mum)') 
    axis image 
end 
 
Output Analysis Script 
clear all, close all, clc 
  
% Define region of interest in output 
outputRadius=62.5e-3; 
shape='circle'; 
  
% Define filepath 
filepath='F:/Matt/Zemax Outputs/250um_lead/15mm_mm_3/'; 
if filepath(end)~='/' 
    filepath=[filepath '/']; 
end 
  
% Define prefix and range of values 
prefix='15mm_mm_3_'; 
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range=[0 1500]; 
  
% Allocate memory for power values 
values1=zeros(1,range(2)-range(1)+1); 
values2=zeros(size(values1)); 
  
for ii=range(1):range(2) 
    % Read in zemax data 
    [out 
hOut]=readzemax(sprintf('%s250in_out%s%03u.zbf',filepath,prefix,ii)); 
    xmax=hOut.nx/2*hOut.xspacing; 
    ymax=hOut.nx/2*hOut.yspacing; 
     
    % Create region of interest mask 
    [x y]=meshgrid(-xmax:hOut.xspacing:xmax,-ymax:hOut.yspacing:ymax); 
    switch shape 
        case 'circle' 
            mask=sqrt(x.^2+y.^2)<=outputRadius; 
        case 'square' 
            mask=(abs(x)<outputRadius/2) .* (abs(y)<outputRadius/2); 
    end 
    mask=mask(1:end-1,1:end-1); 
    if ~isempty(find(mask(1,:))) || ~isempty(find(mask(end,:))) || 
~isempty(find(mask(:,1))) || ~isempty(find(mask(:,end))) 
        warning(['Mask overflow: Additional power may be present. [' 
prefix sprintf('%03u',ii) ']']); 
    end 
     
    % Calculate total power with and without the mask 
    values1(ii+1-range(1))=sum(sum(abs(out).^2)); 
    values2(ii+1-range(1))=sum(sum(abs(out.*mask).^2)); 
end 
  
% Index and mean values 
te=range(1):range(2); 
meanLine=mean(values1)*ones(size(te)); 
  
% Plot mode propagation length points 
figure 
subplot(2,1,1) 
plot(te,meanLine,'k-.',te,values1,'k') 
axis([range 0 1]) 
title('Output Power of Via Propagation') 
xlabel('Mode Propagation Length') 
ylabel('Output Power') 
legend(sprintf('Mean=%0.3f',mean(values1)),'Location','SouthEast') 
  
% Generate histogram values 
bins=0:.01:1; 
cdf=zeros(size(bins)); 
cdf(1)=size(find(values1<=bins(1)),2); 
for ii=2:size(bins,2) 
    cdf(ii)=size(find(values1<=bins(ii)),2); 
end 
pdf=diff(cdf); 
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cdf=cdf/size(values1,2); 
  
% Display histogram 
subplot(2,1,2) 
plot(bins(2:end),pdf,'k') 
title('Number of Inputs Yielding Each Output Power') 
xlabel('Output Power') 
ylabel('Number of Inputs') 
 
ZEMAX ZPL Code 
 
! ZPL file for POP of RSoft mode files 
 
! Get file information 
INPUT "Enter file prefix: ", prefix$ 
INPUT "Enter start number: ", start_num 
INPUT "Enter end number: ", end_num 
INPUT "Surface to propagate to: ", surf 
 
! Define number format 
FORMAT "%#03i" LIT 
 
! Get configuration file information 
cfile$=$FILENAME() 
cfile$=$LEFTSTRING(cfile$,SLEN(cfile$)-4) 
settingsfile$=$PATHNAME()+"\"+cfile$+".cfg" 
PRINT settingsfile$ 
 
! Loop through range of files indicated by user 
FOR i, start_num, end_num, 1 
 num$=$STR(i) 
  
 ! Set input and output filenames 
 filename$=prefix$+num$+".ZBF" 
 outfilename$="out"+filename$ 
  
 ! Modify settings file to normalize total power and use input 
file 
 MODIFYSETTINGS settingsfile$, POP_POWER, 1 
 MODIFYSETTINGS settingsfile$, POP_SOURCEFILE, filename$ 
  
 ! Perform physical optics propagation calculations 
 POP outfilename$, surf 
  
 ! User feedback 
 output$=filename$+"-->"+outfilename$ 
 PRINT output$ 
NEXT 
PRINT "done" 
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RSoft FLD2ZBF Instructions 
RSoft (“.fld” field file) ?? Zemax (“.zbf” beamfile) Converter 
 
This converter consists of 2 command-line executables: 
“fld2zbf.exe” which converts “.fld” files to “.zbf” files (RSoft to Zemax) 
“zbf2fld.exe” which converts “.zbf” files to “.fld” files (Zemax to RSoft) 
 
fld2zbf.exe: 
 
The command-line syntax for this executable is: 
 
> fld2zbf  [-options]  <Ex file>  [<Ey file>]  <output prefix> 
 
options: 
Z#        Z position relative to the pilot beam waist (mm) 
R#        Rayleigh distance for the pilot beam (mm) 
L#        Wavelength (mm) 
W#       Waist (mm) of the pilot beam 
E#        Receiver efficiency 
S#        System efficiency 
P#        Set power (Watts) 
?           prints help 
 
Ex file: 
     RSoft 3D file (for x polarization of the field) (any suffix will do, “.fld” is an 
example) 
 
Ey file (optional): 
     RSoft 3D file (for y polarization of the field) (any suffix will do, “.fld” is an 
example) 
 
output prefix: 
     prefix for resulting “.zbf" 
 
Comments: 
The Z, R, L, & W options should be provided by the user, since BeamPROP does not 
calculate these.  Some calculation in Zemax will be undefined if these are left as 
default. 
The Z, R, L, W, E, & S options are just passed through the converter to Zemax 
The Ey input file is optional, if present, the Beam File will be polarized 
The user can set the beam power with the -P option (this essentially renormalized 
the field) 
 
fld2zbf.exe: 
 
The command-line syntax for this executable is: 
 
> zbf2fld  [-options]  <input-file-name>  <output-file-prefix> 
 
61 
options: 
?         prints help 
 
input-file-name: 
     Zemax “.zbf” file 
 
output-file-prefix: 
     prefix for resulting “.fld" file(s) 
 
Comments: 
If the beamfile is polarized, then “.Ex” & “.Ey” files will be produced, otherwise, just 
an “.Ex” file will result (same format as typical “.fld” file) 
A plot script “.pcs” is also produced 
 
